Since uncertainty remains about how white rot fungi oxidize and degrade lignin in wood, it would be useful to monitor changes in fungal gene expression during the onset of ligninolysis on a natural substrate. We grew Phanerochaete chrysosporium on solid spruce wood and included oxidant-sensing beads bearing the fluorometric dye BODIPY 581/591 in the cultures. Confocal fluorescence microscopy of the beads showed that extracellular oxidation commenced 2 to 3 days after inoculation, coincident with cessation of fungal growth. Whole transcriptome shotgun sequencing (RNA-seq) analyses based on the v.2.2 P. chrysosporium genome identified 356 genes whose transcripts accumulated to relatively high levels at 96 h and were at least four times the levels found at 40 h. Transcripts encoding some lignin peroxidases, manganese peroxidases, and auxiliary enzymes thought to support their activity showed marked apparent upregulation. The data were also consistent with the production of ligninolytic extracellular reactive oxygen species by the action of manganese peroxidase-catalyzed lipid peroxidation, cellobiose dehydrogenase-catalyzed Fe 3؉ reduction, and oxidase-catalyzed H 2 O 2 production, but the data do not support a role for iron-chelating glycopeptides. In addition, transcripts encoding a variety of proteins with possible roles in lignin fragment uptake and processing, including 27 likely transporters and 18 cytochrome P450s, became more abundant after the onset of extracellular oxidation. Genes encoding cellulases showed little apparent upregulation and thus may be expressed constitutively. Transcripts corresponding to 165 genes of unknown function accumulated more than 4-fold after oxidation commenced, and some of them may merit investigation as possible contributors to ligninolysis. T he biodegradation of lignocellulose requires the disruption of its lignin, which shields the metabolically assimilable polysaccharides in this recalcitrant natural composite. Although a variety of microorganisms can attack lignocellulose, white rot basidiomycetes are uniquely efficient at this process, cleaving the recalcitrant intermonomer linkages of lignin via extracellular oxidative mechanisms and mineralizing many of the resulting fragments to carbon dioxide (1). Considerable progress has been made in understanding this process in the extensively researched white rot fungus Phanerochaete chrysosporium, which expresses important components of its ligninolytic system in response to nutrient limitation as part of its secondary metabolism. Biochemical and genetic evidence points to an important role in P. chrysosporium for secreted lignin peroxidases (LiPs), manganese peroxidases (MnPs), and H 2 O 2 -producing oxidases, which are thought to work together to cleave lignin into low-molecular-weight fragments (2). However, many aspects of ligninolysis by P. chrysosporium remain poorly understood.
T he biodegradation of lignocellulose requires the disruption of its lignin, which shields the metabolically assimilable polysaccharides in this recalcitrant natural composite. Although a variety of microorganisms can attack lignocellulose, white rot basidiomycetes are uniquely efficient at this process, cleaving the recalcitrant intermonomer linkages of lignin via extracellular oxidative mechanisms and mineralizing many of the resulting fragments to carbon dioxide (1) . Considerable progress has been made in understanding this process in the extensively researched white rot fungus Phanerochaete chrysosporium, which expresses important components of its ligninolytic system in response to nutrient limitation as part of its secondary metabolism. Biochemical and genetic evidence points to an important role in P. chrysosporium for secreted lignin peroxidases (LiPs), manganese peroxidases (MnPs), and H 2 O 2 -producing oxidases, which are thought to work together to cleave lignin into low-molecular-weight fragments (2) . However, many aspects of ligninolysis by P. chrysosporium remain poorly understood.
First, uncertainty remains about the process of lignin depolymerization. White rot fungi remove lignin not only from the surface of the wood cell wall but also from its interior (3) . Since the porosity of sound wood is too low for enzymes to infiltrate (3, 4) , this observation suggests that the peroxidases do not cleave most of the lignin directly. Instead, low-molecular-weight oxidants that can enter the wood cell wall are likely involved. One possibility is that LiPs oxidize the secreted P. chrysosporium metabolite veratryl alcohol to produce diffusible, ligninolytic free radicals (2, 5) . Alternatively, MnPs may oxidize fungal unsaturated fatty acids to produce reactive oxygen species (ROS) that oxidize lignin (6) (7) (8) . A third possibility is that ligninolytic ROS may be produced via Fenton chemistry promoted by the enzyme cellobiose dehydrogenase or by redox-active glycopeptides, both of which have been reported for P. chrysosporium (9) (10) (11) .
Additionally, little is known about the subsequent steps that result in efficient mineralization of lignin. Since extracellular ligninolysis by fungal oxidants releases only a small proportion of the polymer's carbon as volatile products (12, 13) , intracellular transport of the lignin fragments is presumably required, not only to enable catabolism but also to prevent the repolymerization of lignin oligomers under the prevailing oxidative conditions (14) . Likewise, the export of the putative mediator veratryl alcohol and the import of its oxidation product veratraldehyde to permit reductive regeneration of veratryl alcohol may be key processes (15) . The transporters and oxidoreductases responsible for this traffic in aromatic compounds have yet to be identified. Equally little is known about the intracellular metabolism of lignin fragments. Presumably, cytochrome P450 monooxygenases have an important role, because ring hydroxylation is required for breakdown of aromatic substrates (16) , but an array of other, unidentified en-zymes must also be involved. Moreover, little is known about the detoxification processes that protect the fungus from ligninolytic oxidants and the chemically reactive fragments they generate from lignin.
Although a definitive picture of the entire ligninolytic system in P. chrysosporium is not yet attainable, transcriptome analyses of the fungus grown on wood can provide useful clues. Initial work in this area employed quantitative reverse transcriptase PCR (RT-PCR) measurements of select transcripts and showed that ligninolytic peroxidases are highly expressed by P. chrysosporium on wood (17) , but it did not address the overall coordination of lignin degradation. With the advent of the initial genome assembly and annotations (v1.0 and v2.1) (18), microarray-based transcriptome analysis allowed examination of transcript levels of P. chrysosporium genes during growth on ball-milled wood and in defined growth media (19) (20) (21) (22) (23) . This approach provided useful insights but was limited to 10,048 v2.1 targets and complicated by the unpredictable manner in which the fungus responds to unnatural carbon sources in submerged basal salts medium. A complete, fully coordinated ligninolytic system may not be expressed by P. chrysosporium on ball-milled wood, because a potential route for regulatory feedback has been eliminated: the cellulose and hemicellulose in this substrate are readily accessible to enzymes (24) , and thus, ligninolysis is not essential for growth.
An alternative approach is to compare levels of gene expression just before and after the onset of secondary metabolism and extracellular substrate oxidation by P. chrysosporium as it utilizes solid wood as its carbon source. If this can be done, and decay of the substrate is also confirmed, then the genes undergoing marked changes in expression during the metabolic transition can be identified with greater confidence. Although not all such genes are expected to have roles in biodegradation, this strategy may identify interesting candidates for future investigation. For this approach to work, a sensitive method is required to detect the production of extracellular oxidants by P. chrysosporium as wood decay commences. We have found that micrometer-scale fluorometric beads that react with ligninolytic oxidants are useful for this purpose (25) . Here we report their use in conjunction with whole-transcriptome shotgun sequencing (RNA-seq) analysis to characterize changes in gene expression that occur during the transition to ligninolytic metabolism.
MATERIALS AND METHODS
Preparation of fluorometric oxidant-sensing beads. The ratiometric oxidant-sensing dye BODIPY 581/591 was attached via amide linkages to porous silica beads functionalized with amino groups (Luna NH 2 , 3-m particle size; Phenomenex, Torrance, CA) as described previously (25) , with the following modification: 312 nmol of BODIPY 581/591 succinimidyl ester (Life Technologies, Grand Island, NY) was first dissolved in 78 l of N,N-dimethylformamide and then added to 50 mg of beads that had been suspended beforehand in 1.4 ml of dry isopropanol. This procedure resulted in beads that were less oxidized than those prepared by our earlier method (25) , as shown by the higher initial red/green ratio (RGR) of their fluorescence. The beads were calibrated with peroxyl radicals generated by the thermolysis of 2,2=-azobis(2-methylpropionamidine) dihydrochloride (AAPH; Sigma-Aldrich, St. Louis, MO) as described previously (25) . The calibration gave the following empirical relationship: millimolar concentration of radicals ϭ (40 Ϫ 0.89RGR)/ RGR.
Culture system. Phanerochaete (ϭ Phanerodontia) chrysosporium (strain RP-78) was grown as described previously on microtomed tangential sections of spruce sapwood (Picea glauca, 40 mm long, 10 mm wide, 40 m thick, dry weight of approximately 7 mg) that were embedded on glass coverslips in 90 l of agar containing a nitrogen-mineral salts medium without nutrient carbon (25) . For inoculation, conidiospores (10 l of a suspension containing approximately 5 ϫ 10 6 spores/ml) (26) and BODIPY beads (0.017 mg) were mixed with the warm liquid agar before the cultures were assembled as described earlier (25) . The cultures were placed in sterile petri dishes and incubated under air at 38°C and 100% relative humidity.
Extents of BODIPY bead oxidation by the cultures were determined daily for 5 days by confocal fluorescence microscopy as described previously (25) . On each day, five fields of view were randomly examined from each of three cultures to obtain data from a total of 15 fields (each 230 m 2 , 512 pixels wide). Their composite average RGR values (591 nm/581 nm fluorescence ratios) were recorded and converted to peroxyl radical equivalents using the calibration equation given above.
Extents of fungal growth in the cultures were estimated by measuring the total hyphal length in transmission images of the same fields as were examined to determine RGR values. Hyphae visible in the transmission channel were traced using the "draw freehand" tool provided in ImageJ software (available at http://imagej.nih.gov/ij), and the total length of all visible hyphae in the focal plane was summed using the ImageJ "measure" tool.
Assessment of wood decay. Harvested wood sections were rinsed for 5 min in water at 90°C to remove the agar. To assess incipient delignification by P. chrysosporium after 1 week using the safranin O/astra blue method (27) , the fungus was grown on cross sections of spruce rather than tangential sections, but otherwise the culture system was identical to the usual procedure. The harvested sections were stained, destained, and observed by transmission microscopy as described previously (25) . To assess decay after 8 weeks by scanning electron microscopy (SEM), colonized tangential wood sections were passed through a graded ethanol series, air dried, additionally dried in an oven overnight at 50°C, and mounted on specimen stubs. The sections were then sputter-coated with gold and observed with a Leo Evo-40 VP instrument operated at an accelerating voltage of 10 kV.
Transcriptome analysis. To obtain RNA for analysis, samples consisting of 20 colonized wood sections were harvested and pooled after 40 h and after 96 h. These pools were obtained in replicates at each time point as described below. The samples were immersed in liquid nitrogen and stored at Ϫ80°C until extraction. For total RNA purification, the wood was ground in a prechilled mortar and pestle in liquid nitrogen. Autoclaved and prechilled glass beads (0.5-mm diameter) were included during the grinding to reduce the wood to a fine powder. As described previously (23) , following repeated phenol-chloroform extractions, RNA was ethanol precipitated at Ϫ20°C overnight and further purified using an RNeasy minikit (Qiagen, Valencia, CA). Total RNA was treated with DNase according to the manufacturer's protocol.
For RNA-seq analysis, total RNA was obtained as described above from three replicate pools of colonized wood sections at 40 h and at 96 h. Following verification of RNA purity and integrity using a NanoDrop spectrophotometer and Agilent 2100 BioAnalyzer, the Illumina TruSeq RNA protocol (Illumina Inc., San Diego, CA) was followed. mRNA was purified from 1 g of total RNA using poly(T) oligonucleotide-attached magnetic beads. Double-stranded cDNAs were synthesized using SuperScript II (Invitrogen, Carlsbad, CA) and random primers for first-strand cDNA synthesis, followed by second-strand synthesis using DNA polymerase I and then by RNase H treatment for removal of mRNA. Doublestranded cDNA was purified using Agencourt AMPure XP beads (Qiagen) as recommended in the TruSeq RNA sample prep guide. cDNAs were end repaired by T4 DNA polymerase and Klenow DNA polymerase and then phosphorylated with T4 polynucleotide kinase. The blunt-ended cDNA was purified using Agencourt AMPure XP beads. The cDNA products were incubated with Klenow DNA polymerase to add an adenine to the 3= end of the blunt phosphorylated DNA fragments and then purified using Agencourt AMPure XP beads. The DNA fragments were then ligated to Illumina adapters having a single thymine overhang at their 3= ends. The adapter-ligated products were purified using Agencourt AMPure XP beads. Adapter-ligated DNA was amplified in a linker-mediated PCR (LM-PCR) for 15 cycles using Phusion DNA polymerase and Illumina's PE genomic DNA primer set and then purified using Agencourt AMPure XP beads. The quality and quantity of the finished libraries were assessed using an Agilent DNA1000 series chip assay (Agilent Technologies, Santa Clara, CA) and Invitrogen Qubit HS kit (Invitrogen), respectively, and the libraries were standardized to 2 M. Cluster generation was performed using a TruSeq Single Read Cluster kit (v3) and the Illumina cBot, with libraries multiplexed in a single HiSeq2000 lane. Images were analyzed using CASAVA v1.8.2, and FASTQ files were generated. DNAStar Inc. (Madison, WI) modules SeqNGen and Qseq were used for mapping reads and statistical analysis. The current Joint Genome Institute (JGI) annotation (v2.2), featuring 13,602 gene models, served as the queried database (http://genome.jgi-psf.org/pages/dynamicOrganismDownload.jsf?organism ϭPhchr2) (28) . RNA-seq-based transcript results are presented as reads per kilobase per million (RPKM) values and are integrated with results from previously published v2.1 microarray studies in Data Set S1 in the supplemental material.
Twenty-three gene targets, most of them previously implicated in ligninolysis, were also selected for quantitative PCR analysis (RT-PCR). Total RNA, obtained as described above, was analyzed from four replicate pools of colonized wood sections at 40 h and at 96 h. Reverse transcription of the RNA was performed using oligo(dT) 18 primers from the Revert Aid H Minus first-strand cDNA synthesis kit (Life Technologies). RT-PCR analysis was performed using an ABI Prism7000 sequence detection system and SYBR green supermix with ROX reference dye (Bio-Rad, Hercules, CA). The reaction mixtures contained 10 ng of cDNA and 250 nM primers in a 20-l reaction volume. PCR amplification conditions were as follows: 2 min at 50°C, 10 min at 95°C, and then 40 cycles that consisted of 15 s at 95°C and 1 min at 58°C. The amplification reactions were shown to be target specific by obtaining dissociation curves over a temperature range of 60°C to 95°C. Gene-specific primers are listed in Table 1 . Based on previous microarray results (23), the actin gene was selected as a suitable reference gene for computing cycle threshold (C T ) ratios, which were compared to RNA-seq-derived RPKM values.
Microarray data accession number. Transcriptome data were deposited to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) and assigned accession no. GSE69461.
RESULTS AND DISCUSSION
Fungal growth and wood decay. We grew P. chrysosporium using thin sections of spruce wood as the carbon source. The sections, placed on coverslips, were embedded in mineral salts agar that contained a dispersion of conidiospores as the inoculum (see Fig.  S1A in the supplemental material). Figure 1A shows the typical appearance of a day 2 culture as observed by transmission microscopy through the coverslip, and Fig. 2A shows the total hyphal length per microscopic field of view, in a plane immediately above the wood surface, for each day in culture. The data points represent averages from 15 analyzed images for each day. By day 2, the total hyphal length reached a value that was not significantly different from the values for days 3 to 5. The hyphal length for day 1 was about 50% of the apparent final value and was statistically different from the data for subsequent days (P Յ 0.013 by pairwise t tests). These results indicate that fungal growth ceased after 2 days. Staining of the inoculated wood with safranin/astra blue after 1 week of colonization showed an increased blue color characteristic of incipient delignification (see Fig. S2A and B) (27) , which indicated that the cultures were biodegradatively competent. Scanning electron microscopy after 8 weeks confirmed this result, showing extensive, erosive decay of the substrate (see Fig.  S2C and D) .
Onset of extracellular oxidation. Also included in the agar and sandwiched against the wood of these cultures were oxidantsensing fluorometric beads based on the covalently attached dye BODIPY 581/591 (see Fig. S1B ). Since the dye is immobilized, it is susceptible only to extracellular oxidants, a wide variety of which have been shown to oxidize it (25, 29) . As described in detail elsewhere (25) , detection of oxidation is performed by confocal fluorescence microscopy through the coverslip: native beads fluoresce red, whereas oxidized beads fluoresce green. Figure 1B and C show the typical appearance of the beads on days 2 and 4, respectively. Figure 2 shows that little oxidation occurred on days 1 and 2, whereas by day 5, the beads were fully oxidized. For days 3 and 4, all of the beads in most fields of view were fully oxidized, but in some fields none of the beads were oxidized. This clustering indicates that the onset of oxidation was not completely synchronous across the wood. Few images showed intermediate levels of oxidation, likely because the relatively small amount of dye available on the beads became quickly saturated with oxidants as biodegradation commenced. That is, the beads essentially functioned in our experiments as binary ("off" or "on") indicators of when oxidation commenced. Consequently, the oxidation data for any particular day cannot be well expressed as an arithmetic average.
Therefore, we present the data as the percentage of images exhibiting an oxidation level greater or less than that given when uninoculated cultures were treated with a 10 mM concentration of our calibration oxidant, AAPH. This is the level of oxidation that distinguishes most cleanly between oxidized and nonoxidized images. Our analysis shows that no images exhibited significant oxidation on day 1 or 2, whereas by days 3 and 4, 70% to 80% of the inspected fields were oxidized. Finally, on day 5, all fields were oxidized (Fig. 2) . These results establish that the onset of oxidation in the colonized wood occurred between days 2 and 3. Comparison of the time courses for hyphal elongation and bead oxidation indicates that the hyphae stopped growing after 2 days and only then began to oxidize their surroundings ( Fig. 2A) , which is consistent with extracellular oxidation being a function of secondary metabolism.
Transcript profiles. We extracted RNA from triplicate pools of cultures harvested at 40 h and at 96 h. The two times selected bracket the onset of extracellular oxidation. The 40-h and 96-h samples provided, in total, 2.5 ϫ 10 8 and 1.6 ϫ 10 8 RNA-seq reads, respectively, and these were mapped to the most recent (v2.2) P. chrysosporium genome (see Data Set S1 in the supplemental material). Each of the six samples had more than 5.2 ϫ 10 7 assigned reads, ample coverage for confident statistical analyses. Of the 13,602 models, transcripts corresponding to 431 genes were at least 4-fold more abundant at 96 h than at 40 h (P Ͻ 0.01), and transcripts corresponding to 451 genes were at least 4-fold more abundant at 40 h than at 96 h (P Ͻ 0.01). Considering only those transcripts with relatively high RPKM values (Ͼ10) at 96 h, 356 were significantly more abundant relative to the numbers found at 40 h (Fig. 3) . For brevity, we arbitrarily refer to these genes as upregulated. Applying the same threshold, 252 genes were more highly expressed in 40-h samples than in 96-h samples and thus appear downregulated (Fig. 3) . Focusing on a subset of gene targets that already have proposed ligninolytic roles, we found that RNA-seq comparisons with quantitative RT-PCR showed good (Table 2) . Interestingly, the relative transcript levels for lipD, lipE, lipB, and lipA were generally similar at 96 h to the pattern seen in carbon-limited glucose liquid medium (30). Our culture system was stoichiometrically nitrogen limited (ca. 600 mol of C versus 0.2 mol of N per culture), but the low bioavailability of wood polysaccharides as a carbon source may have produced a de facto carbon limitation. Transcripts encoding three MnPs (Phach ID 3589, 8191, and 2971944) were also much more abundant at 96 h than at 40 h. In addition, transcripts encoding some enzymes that are proposed to support LiP and MnP turnover were significantly higher at 96 h. These include the copper radical oxidase, glyoxal oxidase (Phach ID 11068), and the GMC oxidoreductase, methanol oxidase (Phach ID 3004321), which are generally thought to generate some of the extracellular H 2 O 2 required by LiPs and MnPs (31) .
Also elevated was the transcript for phenylalanine ammonia lyase (Phach ID 2971127), which catalyzes the first step in the biosynthesis of veratryl alcohol (32, 33) , a secreted aromatic cofactor thought to promote ligninolysis by LiPs (2) . O-Methyltransferases are also likely required to introduce the two ring methoxyl groups in veratryl alcohol (34) , and five genes encoding them were upregulated (Phach ID 2974896, 1961248, 2661209, 2990377, and 3023907), although their specific biosynthetic roles remain to be determined. Veratryl alcohol levels may additionally be maintained in a salvage reaction via reductive recycling of the veratraldehyde produced when LiPs oxidize the alcohol. This reaction is likely catalyzed by intracellular aryl alcohol dehydrogenases (15), two of which were upregulated at the transcript level (Phach ID 11055 and 3028048).
In addition, enzymes involved in the biosynthesis of linoleic acid, the major membrane fatty acid in P. chrysosporium and other white rot basidiomycetes (35) , are potentially relevant, because linoleic acid and other unsaturated lipids are oxidized by MnPs in vitro to produce ligninolytic oxidants (8, (36) (37) (38) . Some transcripts encoding ⌬ 9 fatty acid desaturases were moderately more abundant at 96 h, notably Phach ID 1783939 (see Table S1 in the supplemental material). The gene for the single known P. chrysosporium ⌬ 12 desaturase (Phach ID 3007445), also presumably required for linoleate production (39), was not upregulated. However, its transcript had the highest RPKM value among the fatty acid desaturases. Ligninolytic ROS metabolism. Both H 2 O 2 and Fe 2ϩ are required components for a ligninolytic Fenton system (40) . On one hand, transcripts for H 2 O 2 -producing oxidases were more abun- dant after the onset of extracellular oxidation, as outlined above (Table 2) . On the other hand, transcripts encoding proteins with proposed roles in Fe 3ϩ reduction (cellobiose dehydrogenase, Phach ID 3030424) (9) or Fe 2ϩ chelation (redox-active glycopeptides, Phach ID 3023982 and 3023986) (10) were not upregulated. However, it should be noted that emphasis on upregulation, per se, does not necessarily capture the physiological roles of degradative proteins expressed. The high RPKM value of 1,358 for cellobiose dehydrogenase at 96 h appears consistent with a biodegradative role, even though the RPKM value was slightly higher at 40 h. For perspective, only 0.6% of the 13,602 gene models had RPKM levels greater than 1,000. The very low RPKM values below 5 found for the glycopeptides at 96 h call into question their proposed roles in the production of ligninolytic hydroxyl radicals.
Some other genes with proposed involvement in production of ROS or protection from them were also upregulated at 96 h. Transcripts were elevated for a catalase (Phach ID 3006241) and the multicopper oxidase MCO2 ( Table 2 ). The latter enzyme may oxidize Fe 2ϩ , since the closely related ferroxidase MCO1 has this activity (41) . H 2 O 2 depletion and Fe 2ϩ oxidation by these routes may have a role in modulating Fenton chemistry, which not only targets lignocellulose but also is potentially destructive to the fungal mycelium. In addition, we observed upregulation of an oxalate decarboxylase gene (Phach ID 2907675), which could have a role in modulating levels of oxalate. This dicarboxylic acid has a likely role in ROS production because it is the principal chelator of Fe 3ϩ in many wood decay basidiomycetes (25) . Also elevated was the transcript for an intracellular benzoquinone reductase (Phach ID 2897793), which might generate Fenton reagent by catalyzing quinone redox cycling in the presence of Fe 3ϩ (42) . However, it should be noted that white rot fungi have not been found to produce the requisite benzoquinones, in contrast to the brown rot fungi, which have been shown to employ this mechanism (43) . It appears more likely that the P. chrysosporium benzoquinone reductases have a role in detoxifying quinones derived from the fungal catabolism of lowmolecular-weight lignin fragments (44) . Although their substrate preferences are poorly understood, upregulated genes encoding glutathione S-transferases (Phach ID 2903766 and 2971108) and aldehyde dehydrogenases (Phach ID 2979948 and 137014) also have a likely role in intracellular detoxification (45) .
Transport and catabolism of lignin fragments. The particular transporters and cytochrome P450s involved in lignin degrada- tion remain unknown, but our results identify candidates for future investigation: genes encoding 27 putative transporters (see Table S3 in the supplemental material) and 18 cytochrome P450s (see Table S4 ) (46, 47) were upregulated, in some cases with high RPKM values, at the onset of extracellular oxidation. An additional potential contributor to lignin fragment metabolism is the upregulated gene encoding protein Phach ID 2922705 (Table 2) . Related to known catechol 1,2-dioxygenases (e.g., 41% identical to the Rhodococcus opacus enzyme [GenBank accession no. Q6F4M7.1]), this enzyme may be involved in ring cleavage of aromatic metabolites. High transcript levels and upregulation were also noted for genes encoding the putative formaldehyde dehydrogenases Phach ID 2975262 and 2987995 and the formate dehydrogenase Phach ID 3031669. These enzymes may operate together with the aforementioned P. chrysosporium methanol oxidase (Phach ID 3004321) in the metabolism of methanol derived from lignin methoxyl groups. Polysaccharide degradation. Of 175 glycoside hydrolase (GH) gene models in the P. chrysosporium genome, only 23 were associated with more than 4-fold transcript accumulation after the onset of extracellular oxidation (Table 3) . Most of these putative carbohydrate-active enzymes (CAZys) are defined as hemicellulases (48, 49) and likely operate in conjunction with carbohydrate esterases (CE), several of whose gene transcripts were also upregulated. Again, we note that the degree of upregulation does not tell the whole story. For example, the GH10 gene xyn10B (Phach ID 2983729) is the most highly regulated GH-encoding gene, but on the basis of the transcript levels at 96 h, 14 other GHs may be more abundant (see Data Set S1 in the supplemental material). Thus, transcripts encoding the well-known cellobiohydrolases CBH1 (cel7F [Phach ID 2976248] and cel7D [Phach ID 137372]) and CBH2 (cel6 [Phach ID 2965119]) were only 2.5-, 3.9-, and 2.3-fold more abundant, respectively, after 96 h, considerably less than the 194-fold recorded for xyn10B (Table 3) . However, the normalized RPKM values at 96 h were 4,933, 4,662, and 2,165 for cel7F, cel6 and cel7D, respectively (see Data Set S1), which are much higher than the values for most gene models, as noted above, and also higher than the value of 675 for xyn10B. An endo-1,4-␤-glucanase gene classified as cel5B (Phach ID 2981757) was also highly expressed (3,284 RPKM) but exhibited only modest transcript accumulation at 96 h relative to 40 h (1.5-fold).
One of 16 P. chrysosporium genes encoding a lytic polysaccharide monooxygenase (LPMO) was upregulated more than 4-fold at 96 h. Formerly classified as glycoside hydrolases (50), these enzymes are now known for their oxidative attack on cellulose and xylans (51) (52) (53) (54) (55) . The current protein model for the upregulated LPMO (Phach ID 2934397) lacks a secretion signal, but the alternative model given for it in the v2.1 database (Phach ID122129) features a complete N terminus with a predicted secretion signal. Beyond this gene, five additional LPMO-encoding genes were upregulated more than 2-fold, and three of these were highly expressed, with RPKM values greater than 2,000, at 96 h (see Data Set S1).
Uncharacterized components of secondary metabolism. Transcripts corresponding to 165 genes tentatively identified as hypotheticals accumulated more than 4-fold (P Ͻ 0.01) in 96-h samples relative to 40-h samples (see Data Set S1). Of these, 14 had predicted secretion signals (Table 4) . Eight showed no significant similarity to any NCBI and/or JGI sequences, although putative P. chrysosporium paralogs were detected in some instances. For example, the highly expressed gene encoding Phach ID 3034369 was closely linked on the same scaffold to Phach ID 611, a putative paralog upregulated 3.1-fold in 96-h samples. These genes feature a cupredoxin domain and a 3= transmembrane helix (TMH), suggesting possible involvement in electron transport. Phach ID 3034369 is closely related (e Ͻ 10 Ϫ50 and/or bit scores Ͼ 500) to sequences in the genomes of the white rot fungi Phlebiopsis gigantea, Bjerkandera adusta, Exidia glandulosa, and Cerrena unicolor and also to a sequence in the ectomycorrhiza-forming gasteromycete Scleroderma citrinum (56) .
Conclusions. Our results support a ligninolytic role in P. chrysosporium for LiPs, MnPs, and some of the auxiliary enzymes that have been proposed to support their activity. Nevertheless, it is important to note that questions remain regarding the specific roles of the peroxidases. Thus far, they have not been shown to delignify natural lignocellulose, as opposed to the synthetic model substrates that are generally used to assay them (2) . The possibility must still be considered that the peroxidases function principally in the cleavage of soluble lignin oligomers produced by the action of other oxidants on the wood cell wall. These other agents could be ROS produced via Fenton chemistry or lipid peroxidation (40) . Our data are consistent with roles for cellobiose dehydrogenase or MnPs in ligninolytic ROS generation but do not support a role for iron-chelating glycopeptides.
Our results also show that the transition to secondary metabolism and extracellular oxidant production in P. chrysosporium was not accompanied by a general upregulation of enzymes involved in cellulose hydrolysis. The high RPKM values we found for some of these glycoside hydrolases may indicate that they are expressed constitutively during incipient wood decay. A constitutive expression of cellulases would be consistent with the simultaneous decay pattern, as opposed to selective delignification, that is generally observed for P. chrysosporium (38) . The high level of expression we found for cellulolytic genes could also indicate a functional carbon limitation when wood is the carbon source, although it must be noted that the data supporting this view were obtained using submerged liquid cultures of P. chrysosporium (23) . In any case, our results do not rule out the possibility that cellulases may be upregulated at a later stage of decay, when sufficient lignin has been removed for them to infiltrate the wood cell wall. Additional time course experiments, conducted over longer intervals, will be required to answer these questions.
Finally, transcriptomics in combination with functional analysis of extracellular oxidation has proven to be a useful approach. In conjunction with the new v2.2 database for the P. chrysosporium genome, these experiments have identified a subset of potentially relevant proteins whose transcripts were upregulated at the onset of ligninolytic metabolism. These include not only enzymes that already had proposed roles but also transporters, cytochrome P450 monooxygenases, and proteins with no currently assigned function. With regard to this last category, the new database provides some new protein models that were not present in the v2.1 database: 72 of the genes we found to be upregulated at 96 h fall into this group. These new identifications will hopefully provide researchers with foci for further work on fungal ligninolysis.
